While new high-resolution microscopy techniques are continually developed, adoption of these methods is often difficult due to an inability to meet the experimental conditions required for an experiment in a format which also meets the demanding optical requirements of these microscopy techniques. Although specialized imaging chambers can meet these challenges, the difficulty of manufacturing customized chambers in-house and the relatively high cost and design inflexibility of commercial chambers has limited the incorporation of imaging chambers into fluorescence and super-resolution microscopy experiments. Herein, we demonstrate the use of fused deposition modeling (3D printing) for producing inexpensive, customized imaging chambers that are compatible with long-duration live-cell imaging using fluorescence and super-resolution microscopy techniques. In this approach, biocompatible 3D printing plastics are used to generate imaging chambers designed to meet the specific needs of an experiment, followed by adhesion of the printed chamber to a glass coverslip suitable for fluorescence and super-resolution imaging. This technique produces a chamber that is impermeant to liquids that can support the growth and imaging of cells over multiple days. The utility of these chambers is then demonstrated using designs for multiplex microscopy, imaging under shear, chemotaxis, and general cellular imaging. Together, this approach represents an inexpensive yet highly customizable approach to produce imaging chambers that are compatible with many modern microscopy techniques.
Introduction
Technological advances have enabled a broad array of live-cell imaging approaches employing fluorescence and super-resolution microscopy. These forms of microscopy are optically demanding, generally requiring a close matching of the refractive indices of the objective lens, immersion oil, coverslip, and in some cases, even the imaging medium 1 . Moreover, most microscope objectives are designed to work with coverslips of a very specific thickness and refractive index -usually a #1.5 (0.17 mm) coverslip of η = 1.515, with deviation from these parameters compromising the resolution of the resulting images 2, 3 . These experiments also often require imaging chambers incorporating features such as shear flow 4 , chemoattractant gradient generation 5 , the ability to introduce stimuli 6 , electrophysiology electrodes 7 , multiple wells for high-throughput imaging 8 , and many other specialized configurations. While commercial imaging chambers of varying design are available, compromises are often made between identifying a chamber that meets the demands of an experiment versus meeting the optical requirements of the microscopy. As one example, some commercial chambers use plastic coverslips which do not exactly match the optical characteristics of #1.5 glass coverslips and are incompatible with some immersion oils, leading to image degradation and precluding their use with some forms of microscopy.
Many research groups have overcome these limitations by producing their own imaging chambers. Historically, two manufacturing approaches have been used. Milling of aluminum or plastic blocks to produce chambers is a common approach, but is also often limited in its ability to produce small features, and producing chambers with interior features is extremely difficult 9 . Moreover, this approach can be expensive, especially for single-use devices as making these devices requires access to a CNC milling machine and costly machining blanks made of biocompatible materials. A second approach is the use of moulds to cast chambers out of polydimethylsiloxane (PDMS), a biocompatible silicone polymer 10 . PDMS molds can be produced by milling or by photolithography, with the latter offering much higher resolution and a better ability to generate complex structural features 11 . While most PDMS chambers are limited to features formed between voids in the cast and the underlying coverslip, devices with complex internal features can be produced by layering multiple PDMS casts 12 . However, photolithography is a specialized technique that can be cost-prohibitive, and chamber assembly requires an oxygen plasma generator to covalently bond the PDMS chamber to a glass coverslip 13 . Thus, while custom-designing and manufacturing chambers is an ideal solution for many microscopy experiments, the adoption of this approach has been limited due to the relatively high cost and expertise required to create these chambers.
The recent proliferation of consumer-oriented fused deposition modeling (FDM) 3D printers offers the opportunity to easily design and manufacture customized imaging chambers in a cost-effective manner. FDM is an additive manufacturing process in which a thermoplastic filament is heated above its glass transition temperature and extruded as a thin layer onto the build surface 14 . Printed products are built via the sequential addition of layers of materials, allowing for complex three-dimensional objects to be built, including objects with complex internal structures. Consumer-oriented FDM printers generally have a maximum z-resolution (e.g. layer height) of 0.05 mm to 0.10 mm, with the lateral resolution determined by the diameter of the print nozzle -typically 0.2 mm to 0.4 mm. This provides a resolution intermediary between that of milling and photolithography, at a price-point well below either of these approaches. Several free and inexpensive software packages are available for designing 3D printed objects, and printing can be performed with biocompatible and food-grade materials such as polylactic acid (PLA), polycarbonate (PC) and nylon 15 . Indeed, other groups have used this approach to print imaging chambers for culturing and stimulating neurons 7 , general cell culture 16 , zebrafish imaging 8 and for processing and imaging clarified tissues 17 . However, many of these approaches image the sample via a water-dipping lens or suspend the sample in a water-based gel, thus limiting their use for high-resolution fluorescence and super-resolution microscopy.
Herein, we present and validate a general approach towards creating 3D printed imaging chambers which are mounted on conventional glass coverslips. These are fully customizable chambers that can contain internal structure, are suitable for live-cell imaging, are cellcompatible, and enable high-resolution and super-resolution microscopy without any loss in resolution or precision.
Results

Identification of Suitable Chamber Materials
Many plastics can be used for FDM printing, but of these, only PLA has consistently been shown to be cell compatible 7, 16, 18 . To test the cell culture suitability of commonly used FDM plastics, we cultured HeLa and J774.2 cells with PLA, nylon, PC and glycol-modified polyethylene terephthalate (PETG) for 5 days and, using a crystal violet cytotoxicity assay, found no evidence of overt toxicity by any of the plastics ( Figure 1A ). While this experiment found no signs of cytotoxicity, it is possible that these plastics may cause more subtle cellular effects. To assess this possibility, we analyzed actin and plasma membrane morphology after 48 hours of culture with these plastics, using adjacency statistics as a sensitive measure of morphological changes resulting from cell stress or other effects of the plastics on cell morphology 19 . This approach was able to identify pre-apoptotic morphological changes in HeLa cells not obvious to the naked eye, demonstrating its sensitivity ( Figure 1B-C) . As previously reported, PLA had no apparent effect on cells cultured in its presence, and much to our surprise, the other tested plastics displayed a similar degree of cell compatibility ( Figure 1D-H) . Given the performance of PLA, and its successful use by other groups, we used this plastic for all future experiments.
Chamber Stability and Precession
Many live-cell experiments require water-tight or air-tight chambers to allow for fluid flow, experiments under pressure/vacuum, or control over atmospheric conditions. Running contrary to these needs are two issues: firstly, FDM printing produces weaker structures than does injection molding with the same plastic 20 . Secondly, unlike PDMS, FDM printed parts cannot be covalently linked to glass as they are destroyed by oxygen plasma treatment, and our attempts to chemically crosslink prints to functionalized glass were not successful (data not shown) 21 . As such PDMS was the only available biocompatible adhesive for chamber assembly 22 . To test the strength of FDM prints and PDMS bonding, an 18 mm square coverslip was attached with PDMS over the 10 mm × 10 mm opening of a 3D printed chamber with a 0.5 cm 3 internal volume, creating a chamber with an ~225 mm 2 glued surface. This chamber was filled with water and then pressurized to 400 kPa in 50 kPa intervals (Figure 2A) . The chambers failed between 280 kPa and 370 kPa due to cracking of the coverslip; prior to this point no evidence of water leakage through the chamber material or PDMS seal was observed. Next, the chambers were subjected to a vacuum and the chamber pressure monitored. A slow loss of vacuum was observed (~0.8 kPa/min, Figure 2B ), and interestingly this was also observed in a chamber comprised entirely of PLA, suggesting that this loss was due to gas permeability of the PLA itself and not due to leakage through the PDMS seal. Chambers were sealed either with a coverslip and PDMS (Glass + PDMS) or were printed as an equal volume chamber completely enclosed in PLA (Solid PLA). Data is plotted as the mean chamber pressure ± 95% CI of 5 independent chambers/condition. C) Effect of print layer height on the accuracy of a flow chambers cross-sectional area, as measured by fluid flow velocity through the chamber. Chambers were perfused at two flow rates, which would produce theoretical flow velocities of 60 μm/s (red line) and 120 μm/s (blue line). Data is plotted as the mean flow velocity measured in 5 independent chambers with the horizontal lines indicating the mean of the 5 chambers, * p > 0.05 compared to 0.07 mm layer height at the same flow rate, ANOVA with Tukey correction.
Finally, accurate chamber sizing is required for some applications -e.g. flow chambers where specific shear rates are required. To assess the accuracy of FDM printed chamber construction we captured high-speed time-lapse micrographs of 5 μm silica beads perfused through flow chambers 2.5 mm in width and 1.5 mm in height. The chambers were printed using layer heights of 0.07 mm to 0.20 mm, and the bead solution was perfused at two rates, producing theoretical flow velocities of 60 μm/s and 120 μm/s ( Figure 2C ). Smaller layer heights (e.g. finer resolution printing) produced chambers that consistently produced fluid velocities close to that predicted based on the chamber design. Larger print heights resulted in higher than predicted flow rates, indicating that the cross-section of the chambers was smaller than designed. Combined, these data demonstrate that, when printed with a small layer height, FDM printing produces durable chambers of predictable dimensions that are water-tight with a low degree of gas permeability. These characteristics make these chambers suitable for experiments conducted under physiological flow rates and pressures. 
High-Resolution and Super-Resolution Imaging
Next, we assessed the suitability of FDM printed imaging chambers for high-resolution and super-resolution applications. First, we performed super-resolution radial fluctuation (SRRF) microscopy on phalloidin-stained HeLa cells. Phalloidin-actin complexes are 10-12 nm in diameter 23 , allowing us to estimate the resolution of our SRRF reconstructions based on the full-width at half-maximum (FWHM) of a line profile taken perpendicular to a labeled actin filament ( Figure 3A) . FDM chambers bearing #1.5 thickness coverslips produced SRRF reconstructions with higher resolution than commercial chambers bearing a plastic coverslip of similar thickness and refractive index ( Figure 3B ). Indeed, SRRF reconstructions with our FDM chambers exceeded the Airy resolution of our microscope (rAiry@580 nm = 253 nm, rSRRF = 231 nm), whereas the commercial chamber provided a resolution similar to that of a confocal acquisition (280 nm). Next, we used our single-particle tracking approach to assess the suitability of FDM chambers for Single Molecule Localization Microscopy (SMLM) methods. HeLa cells expressing HA-tagged CD93 were labeled at low density with anti-HA Fab fragments directly conjugated to Cy3. The diffusion of these molecules was then imaged at a high frame rate, and the resulting image series subjected to SMLM reconstruction using a mixed-model fitting approach 24 . The first step of this process is to measure the point-spread function (PSF) of the microscope by mapping Gaussian curves to local maxima. Our FDM chambers produced measured PSFs closer to the theoretical PSF of our imaging system than did plastic-bottomed chambers ( Figure 3C) , which in turn, produced more precise protein localizations (19.83 nm vs. 29.27 nm, Figure 3D ). Combined, these data demonstrate that FDM printed chambers are suitable for high-resolution and superresolution microscopy approaches and have superior performance to plastic-bottomed chambers.
Multiplex Imaging of Phagocytosis
The ease with which custom-designed chambers can be created by FDM printing offers many opportunities to design imaging chambers matching the specific needs of an experiment. To illustrate this potential, we created an imaging chamber for live-cell imaging of samples where small cell numbers are available ( Figure 4A) . This chamber features a 3 × 3 array of wells that fits onto an 18 mm × 18 mm coverslip, with each well completely separated from its neighbours. This allows for multiplex imaging of up to 9 separate experiments, using as few as 500 cells/well. Using this chamber and microscope acquisition software capable of scripting different acquisition parameters for each well, we simultaneously performed multiple assays of macrophage antimicrobial function.
Macrophages actively patrol tissues 25 , with this spontaneous migration quantified using a cell-tracking assay ( Figure 4B ). Once a pathogen is encountered, the macrophage engulfs the pathogen through phagocytosis 26 . The efficiency of phagocytosis was measured using an end-point assay and IgG-coated beads as pathogen mimics. A secondary antibody was added at the end of the experiment to clearly differentiate between non-internalized and internalized targets, illustrating the highly phagocytic nature of these cells ( Figure 4C ). While these bead-based assays allow for an accurate measurement of macrophage phagocytic activity, live cell imaging of fluorescentlylabeled pathogens can be used to track their rate of uptake -and if imaged for a sufficient period of time -pathogen degradation can be also be quantified as a loss of fluorescent puncta ( Figure 4D ). Following engulfment, phagocytosed pathogens undergo a vesicular trafficking-mediated process that terminates in the fusion of lysosomes to the phagosome, thus delivering the vacuolar ATPase that acidifies the phagosome and the degradative enzymes that kill and degrade the pathogen 27 . The fusion of lysosomes to pathogen-mimiccontaining phagosomes was quantified using live-cell imaging of macrophages whose lysosomes were labeled with fluorescent dextran ( Figure 4E ), while pathogen mimics labeled with pH-sensitive and pH-insensitive fluorophores was used to measure the pH of maturing phagosomes by ratiometric imaging (Figure 4F-G) . Combined, this chamber design enabled quantification of multiple stages of the phagocytic process using only 25,000 cells. 
Easy Implementation of Diverse Chamber Designs
One advantage offered by FDM printing over other laboratory-adoptable manufacturing processes is the relative ease in which chambers with multiple parts, complex geometries, or interior structures can be created. Moreover, FDM printing can be used to produce moulds for more traditional chamber assemblies such as PDMS-cast chambers. To highlight these capacities, we designed moulds for both parallel-plate flow assays and chemotaxis chambers, using a simple lab-made oxygen plasma generator to attach the PDMS chambers to glass coverslips ( Figure 5A-F) 28 . Using the flow chamber, we replicated our apoptotic body capture assay with results consistent with those generated previously using commercial flow chambers ( Figure 5B) 29 . The chemotaxis of human neutrophils to the bacterial peptide formyl-Methionine-Leucine-Phenylalanine was assessed using the chemotaxis chamber, producing chemotactic movement with directionality and speed similar to what we have reported previously using the classical under-agarose chemotaxis assay ( Figure 5D -F) 30, 31 . To illustrate the ability of FDM printing to produce complex chambers, we designed a reusable magnetic Leiden chamber designed to fit 18 mm circular coverslips. Using these Leiden chambers we performed phagocytosis assays with transgene-expressing macrophages ( Figure 5G-H) , again producing results equivalent to those we have previously reported 32 .
Discussion
In this study, we have demonstrated that FDM printing can be used to create imaging chambers of a variety of designs suitable for liveand fixed-cell microscopy across a range of imaging modalities. Compared to machining and photolithography approaches, FDM printing can be employed with relatively inexpensive equipment that requires minimal expertise to operate. Moreover, the per-chamber cost of this approach is low -often less than 5% the cost of an equivalent commercial chamber -with print times for the average chamber taking less than an hour. The compatibility across a range of imaging methods, flexibility, low cost, speed of manufacture, and ease of implementation makes the use of FDM printed imaging chambers an approach that can be adopted by many laboratories.
While the manufacture of imaging chambers by FDM printing offers many benefits, the flexibility of chamber design and compatibility with high-resolution and super-resolution microscopy approaches are the greatest strengths of this approach. Specifically, the ability to incorporate a #1.5 (0.17 mm thick) coverslip made of glass with a refractive index of 1.515 is a key strength of this approach, as highnumerical aperture objective lenses are built assuming a coverslip of this thickness and refractive index will be placed between the lens and the subject 2,3 . Deviating from this thickness and refractive index can profoundly affect image quality, with high-numerical aperture lenses suffering a >80% loss in light gathering power and the creation of significant spherical and chromatic aberration by coverslips deviating by as little as 0.02 mm in thickness 2 . These issues are compounded by plastic coverslips, which, in addition to imperfect matching of thickness and refractive index, also have higher rates of light scattering, autofluorescence, and can interfere with imaging modalities requiring polarized light 33 . In addition to providing ideal imaging conditions, the ease in which FDM chambers can be designed and prototyped, and the ability to design chambers with complex geometries, allows for chambers to be optimized to the specific needs of an experiment.
A major concern with using FDM printed imaging chambers is the potential for cell-incompatible materials to be present in the completed chamber. Surprisingly, none of the plastics we tested showed any overt signs of cell toxicity. Given our results and the success of other groups 7, 15, 16, 18 , we recommend using PLA for the production of imaging chambers. While we have tested a range of PLA filaments without any signs of cell toxicity, natural (e.g. unpigmented) or black pigmented filaments are preferred as many coloured filaments have high autofluorescence and are therefore not suitable for fluorescence microscopy (data not shown). A second concern with FDM printed chambers is sanitizing or sterilizing the chambers. FDM printing takes place at elevated temperatures (190° C or higher), meaning that completed prints should be free of vegetative bacteria, viruses, fungi, and most spores 34 . However, assembling the chambers without introducing contamination can be challenging. Herein, and in the studies of others 7,16 , a short (5-15 minute) immersion in 70% ethanol was sufficient to allow for cell culture without contamination. Indeed, we were able to culture both HeLa cells and J774.2 macrophages for five days without overt signs of infection in antibiotic-free medium using chambers sanitized in this fashion. Unfortunately, none of the plastics tested in this study survived steam autoclaving (data not shown), but complete sterilization of PLA and nylon should be possible using ethylene dioxide 18, 35 .
A final consideration when FDM printing imaging chambers is optimizing printing parameters to produce a chamber with the necessary physical characteristics. FDM prints are typically built as surfaces (perimeters) made of one or two layers of solid plastic, with the interior space filled by a 3D pattern (infill) that is largely empty space. While this approach saves on material and speeds printing, it creates chambers with walls that are permeable to gasses, and to a lesser extent, permeable to culture medium. Likewise, the large amount of air in the infill acts as an insulator, slowing temperature equilibration when chambers are placed into an incubator or onto the heated stage of a microscope. We have found that imaging chambers work best with wall thicknesses of at least 1.5 mm (e.g. 4 perimeters with a 0.4 mm print head), which eliminates permeability to liquids and greatly reduces gas permeability. Higher printing temperatures may also lower permeability by promoting better bonding between print layers. However, care should be taken as cytotoxic materials, such as polyacrylic acid, may be produced at higher temperatures due to thermal decomposition of PLA 36 . To our knowledge, PDMS remains the only available cell-compatible adhesive and should be used for assembly of any components that will directly contact cells or culture medium 22 . However, cyanoacrylate (instant) glues are an excellent choice for assembling portions of chambers that will not be exposed to cells.
Herein, we have illustrated the ease with which inexpensive FDM printed imaging chambers can be designed to fulfill a broad range of imaging-based experiments. While our chambers were relatively simple, complex features allowing for experimental conditions to be directly manipulated by the chamber (e.g. stimulating electrodes and valves), as well as equipment to provide experimental readouts (e.g. temperature sensors) can be directly incorporated into these designs 7, 37 . Moreover, we have shown that FDM printing can be used to create moulds for preparing conventional PDMS microfluidic chambers, thus offering additional design options and a low-cost entry point to PDMS microfluidics. Because our approach incorporates glass coverslips into the imaging chambers, these chambers are compatible with demanding microscopy methods that require high numerical aperture optics. The combination of design flexibility and optimal optical characteristics overcomes the limitations of many existing imaging chambers, thus offering new imaging opportunities across the life sciences.
Materials and Methods
Materials
MerTK, Lifeact-RFP, mCherry-Rab17 and PM-GFP constructs were prepared previously 29, 32, 38 . #1.5 thickness glass coverslips, polydimethylsiloxane (PDMS), 16% paraformaldehyde (PFA) and glass slides were from Electron Microscopy Sciences. J774.1 macrophages and HeLa cells were from Cedarlane Labs. DMEM, RPMI, fetal bovine serum (FBS), and trypsin-EDTA were from Wisent. M-CSF was from Peprotech. Microbeads were from Bangs Laboratories. 1-palmitoyl-2-oleoyl-snglycero-3-phosphatidylserine, 1-palmitoyl-2-oleoyl-sn-glycero-3phosphatidylcholine, and biotinylated phosphatidylethanolamine were from Avanti Polar Lipids. All cell culture plastics and plastic consumables, pHrodo, NBT, TRITC-Dextran, Permafluor mounting medium, phalloidin-AlexaFluor-555, wheat germ agglutinin-AlexaFluor-647 and Hoechst 33342 were from ThermoFisher Canada. Rat IgG was from Sigma-Aldrich. Acetate tape ("Magic tape", Scotch brand) was from Staples Office Supply. GenJet Plus transfection reagent was from FroggaBio. µ-Slide 8-well chambered polymer coverslips were from Ibidi. Prism 8 software was from GraphPad (La Jolla, California). Matlab was from Mathworks. FIJI was downloaded from https://fiji.sc/ 39 . A Prusa i3 MK3S 3D Printer was purchased from Prusa research (Czech Republic). 3D printing filament was from Filaments.ca. All other materials were purchased from Bioshop Canada (Burlington, Canada).
Cell Culture J774.2 macrophages were cultured in DMEM + 10% FBS in a 5% CO2/37°C incubator and split upon reaching 80% confluency by scraping the cells into suspension and then diluting 1:10 into fresh media. HeLa and Cos7 cells were cultured in RPMI + 10% FBS in a 5% CO2/37°C incubator and split upon reaching confluency by washing the cells once with phosphate buffered saline (PBS, 137 mM NaCl and 10 mM Na2HPO4), detached with Trypsin-EDTA, and diluted 1:10 in fresh media prior to replating. For experiments, cells were plated at a density of 1,000 cells/mm 2 into 3D printed chambers, Ibidi µ-Slide 8-well chambered polymer coverslips, or onto 18 mm circular coverslips placed into the wells of a 12 well plate. For transfection-based experiments, HeLa or Cos7 cells on 18 mm coverslips were transfected with 0.75 µg of DNA and 2.5 µL of GenJet Plus DNA In Vitro Transfection Reagent as per the manufacturer's instructions 24 hrs prior to imaging. Transfections in FDM-printed chambers were conducted in the same manner, adjusting the quantity of DNA and transfection reagent to maintain a consistent quantity of DNA per area of transfected cells. For immunolabeling, cells were fixed for 15 min at 37°C with 4% paraformaldehyde in PEM buffer (80 mM PIPES pH 6.8, 5 mM EGTA, 2 mM MgCl2, 40 ), permeabilized with and blocked for 1 hr with PEM + 0.1 Triton X-100 + 1% bovine serum albumin, and labeled as indicated below.
Microscopy and Image Analysis
All microscopy was performed using a Leica DMI6000B microscope equipped with 40×/1.30 NA, 63×/1.40NA and 100×/1.40 NA objectives, photometrics Evolve-512 delta EM-CCD camera, heated/CO2 perfused stage, Chroma Sedat Quad filter set with blue (Ex: 380/30, Em: 455/50), green (Ex: 490/20, Em: 525/36), red (Ex: 555/25, Em: 605/52) and far-red (Ex: 645/30, Em: 705/72) filter pairs, and the LAS-X software platform with Live Data Mode. Image analysis was performed in FIJI 39 or in Matlab.
SRRF Microscopy
HeLa or J774.2 cells were fixed as above and labeled with Wheat Germ Agglutinin-AlexaFluor-647 as per the manufacturer's instructions. The cells were then permeabilized and stained for 10 min at room temperature with 1 μg/mL Hoechst 33342 and a 1:1,000 dilution of phalloidin-AlexaFluor-555. 250 images of each channel were captured, adjusting the exposure intensity, exposure time, and EM gain to minimize the acquisition time (typically 50 ms/image). The resulting images were exported as TIFF stacks and reconstructed using the NanoJ-SRRF plugin in FIJI, using a ring radius of 0.5, radiality magnification of 5, and 6 ring axes 41 . To resolution of the resulting SRRF images was determined using a line profile of single actin fibrils in FIJI. The resulting intensity values were imported into Prism, the curve matching tool used to match the line profile to a Gaussian curve, and the full width at half maximum calculated. A minimum of three line profiles were collected per image, from a minimum of 10 images per experiment.
Cell Toxicity Assays
Crystal violet was used to quantify cell viability using the method of Feoktistova et al 42 . FDM printed plastic rings (outer ⌀: 21.4 mm, inner ⌀: 19.4 mm) were made in various plastics using the manufacture's recommended printing speeds, temperature and fan settings. The final prints were cleaned and sanitized by soaking in 70% ethanol for 1 hr, dried in a biosafety cabinet, and then briefly soaked in sterile PBS to remove residual ethanol. Rings were placed into the wells of a 12-well plate and 5 × 10 4 cells in 1 mL of media added to each well. Cells were grown for 5 days with no media exchange. The rings were then removed, the wells washed with PBS and stained with 0.5 mL of a 0.5% w/v crystal violet, 25% v/v MeOH solution on an orbital shaker for 30 min at room temperature. The plate was washed by repeated immersion in water, using fresh water for each immersion, until no colour was visible in the wash. The plate was dried for 1 hr at room temperature, and then decolorized by adding 1 mL of a 2% w/v SDS, 50% v/v MeOH solution for 20 min with vigorous shaking at room temperature. Crystal violet incorporation into viable cells was quantified by measuring the OD595 with an Eon microplate reader. Absorbance values were calculated as a mean of 25 reads per well, spaced out equally in a 5 × 5 grid.
To identify non-cytotoxic effects, cell morphology was quantified for cells cultured for 48 hrs on 18 mm alone or with the 3D printed rings described above. As a positive control, cells were treated with 1 µM staurosporine to induce apoptosis. Next, cells were fixed for 20 min in 4% PFA and stained with AlexaFluor555-labeled phalloidin, AlexaFluor-647 labeled wheat germ agglutinin, and counterstained with Hoechst, as described above. The samples were then mounted on slides with Permafluor and imaged with SRRF microscopy. The resulting images were imported into Matlab and the morphology of the cells quantified using adjacency statistics, producing a 58-dimenional "fingerprint" of the cells morphology 19 . Principal component analysis was then used to reduce the dimensionality of the dataset to two dimensions.
3D Printing
Chambers were designed using TinkerCAD (www.tinkercad.com), or the free academic versions of Autodesk Netfab and AutoCAD. Chamber designs were exported in the stereolithography (.STL) file format and sliced onto 3D printer compatible G code using Ultimaker CURA 4.0 software. Unless otherwise noted, all chambers were sliced using 0.1 mm layer height, 100% infill, using the filament manufacture's recommended printing and bed temperatures. All prints were made on a Prusa i3 MK3S 3D Printer equipped with a 0.4 mm nozzle, with a thin layer of polyvinyl acetate added to the print bed to improve print adhesion. Prints were cleaned with isopropyl alcohol, except for prints in acrylonitrile butadiene styrene (ABS), which were cleaned in 70% ethanol. STL files for all chambers used in this assay are available in the supplemental materials.
Chamber Assembly 3D prints were attached to coverslips using PDMS. 900 μl of PDMS was placed into a 1.7 mL microcentrifuge tube, and then mixed with 100 µL of the curing agent. After mixing, the solution was degassed by a 30 sec, 21,000 × g centrifugation. A thin channel, roughly 1.5 times the width and length of the print was made on a glass plate using a double-thickness of acetate tape for the walls. The PDMS was then spread in this channel, creating a layer of unpolymerized PDMS ~0.15 mm thick. The print was pressed into the PDMS, and then placed onto a coverslip. The assembled chamber was then placed on a hot plate set to 60°C for 2 hrs, then at room temperature overnight, to fully polymerize the PDMS. Chambers were sanitized by soaking them in 70% ethanol for 1 hr and then dried in a biosafety hood, followed by a final soak in sterile PBS.
Pressure and Vacuum Testing
A pressurizable test chamber was printed with 0.5 cm thick walls, a 0.5 cm 3 interior volume, with a 10 mm × 10 mm opening. An 18 mm, #1.5 thickness square coverslip was sealed over this opening with PDMS and the chamber connected via a Luer adaptor to a custom-build pressure/vacuum apparatus with a Honeywell high-sensitivity pressure sensor with real-time data logging. For pressure testing, the test chamber and connecting line were filled with water and pressurized using nitrogen. Chamber pressure was increased in 50 kPa increments, with the pressure monitored for leakage for 30 sec between increments. Chambers were pressurized until they failed. For vacuum testing, the test chamber and connecting lines were flushed with nitrogen, and then a vacuum was applied using a ThermoFisher LAV3G high vacuum pump. Chambers were evacuated to ~1 kPa (~99.9% vacuum), and the pressure monitored for 5 min.
Flow Chamber Analyses
To determine the accuracy of FDM chamber construction, a flow chamber was designed bearing dual flow areas 2.5 mm × 1.5 mm × 1.6 mm in size and printed in PLA using layer heights of 0.07 mm to 0.2 mm. Time lapse images were captured at 40× magnification and 10 frames-per-second, as 5 μm diameter silica beads, suspended as a 1:10,000 dilution in distilled water, were perfused through the chamber at 0.054 and 0.108 mL/s using a 3.0 mL syringe and a syringe pump in draw mode. The microscope was focused as deeply into the chamber as possible to limit the effects of wall shear on bead velocity. FIJI was used to calculate the displacement of beads between time points, from which bead velocity was determined. Only beads present in the field of view for at least 3 successive frames were used to calculate velocity, measuring the average velocity across time points. The fluid velocity of a chamber was defined as the average velocity of a minimum of 50 beads.
12CA5 Fab generation and labeling
Media was collected from 12CA5 hybridoma cells cultured for 5 days at high density (~5×10 8 /mL) in serum-free hybridoma media. The media was cleared with a 1,500×g/30 min centrifugation and then concentrated with a 60 kDa cut off centrifuge concentrator. The concentrate was diluted to 5 mg/ml in PBS plus 10 mM EDTA and 20 mM cysteine-HCl, and a 50% volume of immobilized papain added. After an 18 h/37°C incubation the papain was then removed by a 1000×g, 15 min centrifugation and Fab fragments separated using fast protein liquid chromatography on a Sephacryl S100 column. Aliquots corresponding to Fab fragments were pooled and labeled with a Cy3 labeling kit (Abcam) as per the manufacturer's instructions. Labeled Fab fragments were diluted to 1 mg/ml and stored frozen in PBS + 20% glycerol.
Single Molecule Localization Microscopy
Single molecule localization microscopy was performed as described previously 43, 44 . Briefly, HeLa cells were split into 3D printed imaging chambers or Ibidi μ-Slide 8 plastic-bottomed chambers and transfected with HA-tagged CD93 using GenJet as per the manufacturer's instructions. 24 hrs later, the cells were cooled to 10°C and the CD93 labeled by incubating with a 1:10,000 dilution of Cy3-labeled 12CA5 Fab fragments in PBS for 10 min. The cells were then washed 3× with PBS, placed in imaging buffer (150 mM NaCl, 5 mM KCl, 1 mM MgCl2, 100 mM EGTA, 2 mM CaCl2, 25 mM HEPES, and 1500 g/L NaHCO3, pH 7.4) and transferred to the heated/CO2 perfused stage of our microscope. Timelapse acquisitions of the basolateral side of the cells were captured, imaging at 10 frames/s for 30 s. The resulting videos were cropped to the area containing the cell, and the image sequences imported into Matlab. Individual fluorophores were identified and resolved at super-resolution using the mixed model Gaussian fitting algorithm of Jaqaman et al 24 , and both the estimated full-width at half-maximum of the images point-spread function (in pixels), and the precision of fluorophore localization, exported for subsequent analysis.
Phagocytosis Assays
Phagocytosis was quantified as described previously 32 . Briefly, J774.2 macrophages were split into the multiplex imaging chamber or onto 18 mm circular coverslips and allowed to recover for 24 hrs. Where required, the cells were transfected with mCherry-Rab17 and PM-GFP using Lipofectamine 2000 as per the manufacturer's instructions. Phagocytic targets were generated by 1) incubating 10 μL of 5 μm diameter silica beads with 100 μL of unlabeled 1μg/mL rat IgG, 2) incubating 10 μL of 5 μm diameter silica beads with 100 μL of unlabeled 1μg/mL rat IgG plus 1:2,000 dilutions of AlexaFluor-647 labeled rat IgG ± 1:2,000 dilution of pHrodo labeled rat IgG, or 3) incubating 1 × 10 6 E. coli K12 in PBS with a 1:2,000 dilution of Cell Proliferation Dye eFluor 670, for 30 min at room temperature. Where required, macrophages were pre-loaded with 100 µg/ml TRITC-conjugated dextran for 16 hrs, followed by a 90 min chase with serum-free DMEM. For live-cell imaging, the multiplex imaging chamber was transferred to the heated/CO2 perfused stage of our microscope, and individual acquisition parameters set for each well using Live Data Mode. Phagocytic targets were added at a 10:1 (target: macrophage) ratio and the samples imaged every 1 min for 2 hrs using the 60× objective. For end-point assays, cells were washed once with PEM buffer and then fixed for 15 min with 4% PFA in PEM, and non-internalized phagocytic targets labeled using a Cy3-labeled goat-anti-rat Fab fragment, and the sample imaged using the 60× objective. Spontaneous migration was quantified using the Manual Tracking plugin in FIJI 39 , phagosomelysosome fusion was quantified by identifying co-localization between TRITC-dextran and AlexaFluor-647 labeled phagocytic targets, and pH was quantified via the pHrodo:AlexaFluor-647 ratio and converted to pH using a standard curve generated by imaging the same bead preparation in saline buffered with 50 mM MES (pH 4.0, 5.0) or 50 mM Tris (pH 6.0, 7.0 and 7.4).
PDMS Chamber Construction
Moulds to cast PDMS chambers were FDM printed using PLA with 100% infill, 0.1 mm layer height, with the ironing (surface smoothing) feature enabled. For each chamber, 5 mL of PDMS polymer and 500 μL of PDMS catalyst were mixed in a 14 mL snap-cap tube and degassed by centrifugation at 2,000 × g for 1 min. The mixture was poured into FDM printed chemotaxis moulds and subjected to 30 min of vacuum at ~60 kPa. The moulds were then transferred to a 37°C incubator for 24 hr. The chemotaxis chambers were freed from the mould with a scalpel, washed 3× with 70% ethanol, rinsed 3× with distilled water, and dried using a Kimwipe. The chamber and clean 25 mm × 50 mm #1.5 thickness coverslip were placed in a custom-made glass vacuum chamber which was flushed 2 times with oxygen, and then subjected to an ~1 kPa vacuum. The chamber was then exposed to 2 sec of plasma by placing the chamber in a 1250 W consumer microwave at maximum power 28 . The chamber was then pressed against the coverslip, and the assembled chamber placed on a hot plate at 90°C for 1 hr to covalently bond the chamber to the coverslip.
Apoptotic Mimic Capture Assay PDMS flow chambers consisting of 6 parallel channels 5 mm × 15 mm × 0.2 mm with 1 mm dimeter connection ports were cast and attached to 25 mm × 50 mm coverslips as described above. Cos7 cells were transfected with empty vector or a vector expressing human MerTK-GFP. 24 hr later, the Cos7 cells were detached using trypsin and seeded at 75% confluency into assembled flow chambers and allowed to recover in a 37°C/5% CO2 incubator for an additional 18-24 hr. Apoptotic cell mimics were generated by adding 10 µL of 3 μm diameter silica beads to a mixture of 3.2 µmol phosphocholine and 0.8 µmol phosphatidylserine in chloroform, and dried under nitrogen gas. The dried beads were suspended in 1 mL of PBS and washed three times by centrifuging for 1 min at 4,500 × g and resuspending in 100 µL of PBS. After washing, 3 µL of beads were suspended in 1 mL of RPMI + FBS, perfused into the flow chamber, and incubated for 10 min. The chamber was then mounted on the heated stage of our microscope and attached to a syringe pump in draw mode via silicone tubing connected to 16 gauge blunted needle. The same tubing/needle setup used to connect the other side of the flow chamber to a reservoir of media 37°C media. The sample imaged using DIC to identify bound beads and by fluorescence microscopy (Ex: 490, Em: 525) to identify transfected cells. The sample was then subjected to 30 sec of shear at 0.5 dynes/cm 2 , and the DIC imaging repeated. This shear and DIC imaging process were repeated for 1-20 dynes/cm 2 , in 1 dynes/cm 2 increments. MERTK-expressing cells were then identified in the fluorescence image, and the fraction of initially bound beads were quantified for each cell at each shear rate. A minimum of 30 transfected cells were imaged for each condition.
Chemotaxis Assay PDMS chemotaxis chambers consisting of two 600 µL reservoirs connected by a 5 mm × 10 mm × 0.2 mm channel were cast and attached to 25 mm × 50 mm coverslips as described above. The collection of blood from healthy donors was approved by the Health Science Research Ethics Board of the University of Western Ontario and venipuncture was performed in accordance with the guidelines of the Tri-Council Policy Statement on human research. 8 mL of blood was drawn into a heparinized vacuum tube and layered over an equal volume of Lympholyte Poly, followed by a 300 × g/35 min centrifugation. The neutrophil band was removed, diluted to 50 mL with PBS and pelleted using 300 × g/5 min centrifugation. The neutrophils were suspended in 1 mL of PBS, stained for 5 min with 1:2,000 DRAQ5, then washed twice with 1 mL of PBS and 300 × g/5 min centrifugations and suspended in RPMI + 10 % FBS at 2 × 10 6 /mL. One reservoir was used as a "sink" and filled with 600 μL of RPMI + 10 % FBS, the loading ports closed with FDM printed plugs. 50 μL of the neutrophil suspension was added to the channel, the loading port closed, and the second reservoir filled with 600 μL of fMLP in RPMI + 10% FBS. The chamber was placed on the heated stage of our microscope and imaged at 40× magnification using fluorescence microscopy (Ex: 645, Em: 705), with images captured every 30 sec for 4 hrs. The resulting time-lapse sequences were then analysed for migration speed and directionality using the TrackMate plugin in FIJI 39, 45 .
Statistics
Unless otherwise noted, data are presented as mean ± SEM. All statistical analyses were performed in Graphpad Prism, using α = 0.05 as a significance cut-off.
